The main scope of this paper is to present in a simple and concise way a mathematical model of composite materials able to describe the propagation of shear horizontal waves in the case where composite is rotating and subjected to an initial stress. This work is aimed at the relevant possibility to apply the obtained results for the establishment of highachievement applications of piezoelectric and semiconductor composites and surface acoustic waves devices. We conclude by analyzing numerical computations in which the influence of the rotation, initial stress and electromagnetic boundary conditions are graphically observed.
Introduction
In this paper, the frequency equations for shear horizontal wave propagation in a composite consisting of piezoelectric half-space covered by a thin layer of semiconductor material under the rotation and initial stress effects are investigated analytically. The importance of similar composite materials is founded on their arising technologic applications. For example, different supersonic instrumentation subject to either a bulk acoustic wave (BAW) or surface acoustic wave (SAW) has been developed employing piezoelectric structures for different implementations [1] . These devices are normally simulated with a layered construction shape, due to its high bandwidth, great sensitivity and reinforced receiving features [2] [3] [4] [5] [6] . In [7] , finite and infinite systems of shear horizontal (SH) waves in multilayered piezoelectric structures are considered; instead, in [8] free wave propagation in many layered piezoelectric composites are analyzed and in [9] the electromagnetic and shear horizontal elastic waves are studied by using the transfer matrix method in one-dimensional structures. Next, in [10] the characteristics of the twodimensional model of coupled flexural, extensional and thickness-shear motions of thin piezoelectric semiconductors are investigated. In [11] , the dispersion relation for the propagation of SH waves is introduced, with the existence of a biasing electric field, for piezoelectric semiconductor half-space ceramics. Concerning the non-consistency of material characteristics, the strata or layers are generally subjected to large interior remaining stress in piezoelectric SAW devices. Furthermore, the layered piezoelectric framework is generally pre-stressed through the industrial operation to obviate fragile cracking. As a consequence, the influence of the pre-stress on the shear horizontal wave propagation has considerable significance for the design of the sensors. In [12] , the influence of pre-stress on the propagation demeanor of SH waves in multilayered piezoelectric composite structures is studied. Other methods of propagation in composite materials can be found in [13] [14] [15] [16] . Furthermore, due to the significance of the effectiveness of the pre-stress in employments and practices, researches on the analysis in this framework have been carried out with different hypotheses and purposes [17] [18] [19] . Moreover, many studies about the effect of the rotation phenomenon in the literature have been done with various objectives and approaches [20] [21] [22] .
In Section 2 it is briefly presented the problem we want to analyze. Then the basic governing equations of motion in a semiconductor elastic layer and three-dimensional piezoelectric material under the initial stress and the rotation based on the conservation of charge and Gauss's law are given are presented in Section 3. Section 4 is devoted to the analysis of the propagation of SAWs in a piezoelectric half-space. Moreover, the frequency equations are obtained in Section 5 and numerical computations are presented graphically in Section 6. Finally, Section 7 summarizes the results and presents the main conclusions.
Formulation of the problem
Take into account an homogeneous anisotropic piezoelectric half-space enveloped by a small layer of semiconductor nonpiezoelectric elastic material of depth 2h, as illustrated in Figure 1 . The coordinate system ox 1 x 2 x 3 has the origin at one point on the plane surface (interface) and the x 2 -axis is perpendicularly descending into the piezoelectric half-space. Subsequently, the piezoelectric substrate is poled in the x 3 -direction, perpendicular to the x 1 À x 2 plane and the semiconductor layer covers the area Figure 1 . Geometry of the problem. 0 x 2 À 2h. The x 1 -axis is considered to accompany the wave propagation direction subjected to all particles on the line parallel to the x 1 -axis, which are equally displaced. Accordingly, all field quantities are not functions of the x 3 -coordinate.
Equations for a thin layer
Assume that 2h is the thickness of the semiconductor layer, such that the wavelength of the SH wave is much larger than the thickness of the layer, as presented in Figure 1 . Therefore, the components of the stress acting on the thin layer that are taken to vanish are
According to compress notation, which is called Voigt notation (see Abd-alla and Asker [23] ), where the notations p, q take the values 1,2,3,... and 6, then equation (1) may be written as
Subsequently, the description of the constitutive relations (3) for the semiconductor layer may be written as
Now, we write equation (3) with other lower indexes a; b; c and d, which can take only the values 1 and 3: Therefore, equation (3) may be written as
If the thickness of the semiconductor plate is 2h, then it is possible to integrate with respect to x 2 of equations (4) for i ¼ 1; 3 over the plate thickness. Thus, the equations of motion in two dimensions with the effect of initial stress, Gauss's law and conservation of charge may be rewritten as
considering the notation u a ; T ab ; D a ; J a and n are averages of the similar values along the small thin thickness andT ð0Þ
x denotes the pre-stress notation.
Propagation of Shear Horizontal waves
Assume a plane shear horizontal surface wave propagating in composite materials consisting of piezoelectric half-space as a substrate covered by a small layer of a semiconductor material (silicon; Figure 1 ). Let the x 1 -axis be the direction of SH wave propagation, so the required displacement and electric field components are written in equation (1) . Therefore, the corresponding non-vanishing components of strain and electric field may be presented as
The quantities of the substrate will be denoted by the superscript ''p'' and r ¼ i 1 ∂ 1 + i 2 ∂ 2 is defined as the gradient operator in two dimensions. The remaining components of stress and electric displacements are given in the following form
Now, the coupling equations of the displacement and the electric potential may be expressed as The solutions of equations (13) must satisfy the following conditions
Assume the solutions of equations (13) as
where the constants A and B are arbitrary to be determined. As the wave has decaying behavior away to the surface, so j 2 should be positive. It is easy to see that equation (16) 2 already satisfies (13) 2 . In order for equation (16) 1 to satisfy equation (13) 1 , we must have
So, it is easy to get the following relation for j 2
In the following we will need some equations that will be used to prescribe and satisfy the continuity and boundary conditions, so we may write Firstly, we try to find a solution for the vacuum. The electric potential in the free surface x 2 \0 must satisfy the following Laplace equation
and the solutions of equations (21) are given as follows
with C an unknown constant. Equation (22) for the free space yields
Secondly, we need to find the solution of the semiconductor with rotation. It is remarked that the layer is a one-dimensional case where n ¼ nðx 1 ; tÞ; assume the situation if the direct current (DC) biasing electric field is in the x 1 -direction, then we consider
where N is a constant that needs to be determined. Note that the equation (24) satisfies the displacement continuity condition as well as the electric potential continuity condition between the substrate and the layer. So, the stiffness elastic constants and dielectric constants are given by 
where we have used a prime to denote the elastic and dielectric constants as well as the mass density of the layer. Furthermore, we have chosen the semiconductor layer as the silicon material, which is considered to be a non-piezoelectric cubic crystal with m3m symmetry. From equations (11) and (4), we get
¼ ðÀq nm 11 ij 1 C + qNm 11 E 1 À qd 11 ij 1 NÞ exp½iðj 1 x 1 À vtÞ:
Continuity conditions and the frequency equation
Due to the conditions of continuity of the electric potential between the piezoelectric substrate and the silicon material on the substrate, we may write the boundary conditions as follows.
(a) From the continuity equation u p ¼ u 0 at x 2 ¼ 0 and using equations (20) and (22) (24) and (26) 3 into equation (6), we have
It is clear that for the constants A; B; C and N , the system of equations (27)- (30) are linear and homogeneous. Therefore, the system of equations (27)- (30) If the semiconductor thin layer does not exist (i.e., h ¼ 0), then the velocity v BÀG of the BleusteinGulyaev wave is given by (Bleustein [24] and Gulyaev [25] )
If the substrate is not a piezoelectric material (i.e., K 
Therefore, the Love wave velocity may be obtained from equation (35) considering that the imaginary part of the complex wave velocity may change its sign (i.e., transition from a damped to a growing wave). Now we define
which means that the surface mechanical wave is equal to the velocity of the carrier drift.
Numerical results
Up to now, the frequency equation has been given analytically for SH wave propagation in composite materials consisting of piezoelectric half-space carrying a small film as a layer of a non-piezoelectric semiconducting material based on the influence of the rotation and the initial stress. Certainly, the fact that equation (32) is a transcendent equation is a complication of this work.
We have considered the chosen barium titanate (BaTiO 3 ) for the piezoelectric material and the silicon (Si) for the semiconductor layer to investigate the characteristics of SH wave propagation. In this case, we try to show graphically the impacts of the rotation, the initial stress, wave number and elastic constants on the frequency equation.
So, the zero order of the velocity denoted by v ð0Þ when neglecting the semiconductor has been calculated. Then, equation (32) 
1 + e 0 e p 11
Substituting the zero-order velocity v ð0Þ into the right-hand side of equation (32) to get the first-order velocity v ð1Þ , one may write
1 + Furthermore, the constant of electron mobility and holes for (Si) at 300°K is given as
Now, let us introduce the following quantities
where X is dimensionless wave number, Y ð0Þ and Y ð1Þ are the dimensionless velocities for the zero and first order, respectively, and the non-dimension number g is defined as
The phase velocity at the zero and first order, that is, Y ð0Þ and Y ð1Þ , respectively, can be calculated for the open and short electric conditions versus wave number X when changing rotation at g ¼ 5 and Figures 6-9 , it may be observed that the influence of the initial stress on the frequency equations becomes obvious when T 0 . 10 10 Nm À2 , while the impact of the initial stress is insignificant as T 0 \10 10 Nm À2 .
Conclusion
The objective of this paper is to investigate the frequency equations for SH wave propagation in composite materials containing piezoelectric half-space underlying a small film of non-piezoelectric semiconductor medium. This problem generalizes what is the so-called Bleustein-Gulyaev wave in a half-space of piezoelectric materials. Furthermore, the influence of the rotation and the initial stress and the semi- conduction affect on the wave velocity causes both dispersion and wave attenuation. The outcomes brought out from our calculation show that the rotation and the initial stress have a significant effect on the shear horizontal wave propagation. An advantageous method for the numerical study of problems similar to the one we have introduced in this paper can be based on the idea of approximating the continuum by means of a suitable discrete mechanical system, which would produce great advantages in terms of computational costs [26] .
An extension of the problem studied here is to approach the study of thermal waves in microstructured materials: in fact, some results for the mechanical behavior in micro-structured materials can be found in [27] [28] [29] [30] [31] [32] [33] [34] [35] . In the study of micro-structured materials, some problems of buckling can arise for the complexity of the micro-structure. Some methods to address these issues can be found in, for example, [36, 37] . Numerical methods have been developed to analyze particular classes of lattices: one can refer to [38] [39] [40] [41] [42] [43] [44] for some basic ideas that can be also used to improve simulations of systems similar to the one investigated in this work.
These results may be upgraded with advanced field theory known in the SAW device of the piezoelectric materials. Moreover, these results may be useful for modeling academic impractical research for a predictable and theoretical basis for engineering practical implementation on SH wave devices. In future works it is possible to think about a different kind of composite materials in which one of the two components can have a particular micro-structure, called a pantographic structure [45] [46] [47] , and it would be interesting to investigate the propagation of shear horizontal waves in such composites. It is also possible to study the effects due to the coupling between pantographic lattices and piezoelectric materials.
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